Monotonic tensile tests are conducted on seven different Glare grades of fiber metal laminates. In-situ stress-strain curves of glass/epoxy laminate interleaved in Glare 2(3/2) are exposed with the application of metal volume fraction method using the stress-strain curves of Glare 2(3/2) and Aluminum 2024-T3 in unidirectional and transverse directions. The strain-stress curves of cross-ply Glares are predicted by the modification of this method with an empirical parameter and a second parameter considering the relative glass/epoxy laminate thickness ratios of Glare grades. Modified metal volume fraction method presented in this study can be used as a preliminary estimation of stress-strain curves of multiple possible fiber metal laminate configurations without testing.
Introduction
Fiber metal laminates (FML) are hybrid materials which consist of alternating thin metal layers and glass fiber reinforced epoxy composite layers. Commercially available Glass Reinforced Aluminum Laminate (Glare) is the successor member of FML materials family, which has been developed in the Faculty of Aerospace Engineering at the Delft University of Technology in 1991. 1 Significant improvements in weight reduction, fatigue performance, fire resistance, impact resistance, residual strength, and damage tolerance over conventional materials yielded Glare favorable material for aircraft industry. 1, 2 These impressive properties with the development of this material and its current applications are reviewed in literature extensively. [1] [2] [3] [4] [5] [6] Introduction of a new material for engineering applications requires concerted efforts of various disciplines. Generally, it takes many years before structural applications are accepted by aircraft designers. 5 A large test matrix would be necessary to determine Glare's statistically based material design values because of the vast number of combinations that are possible with Glare grades. However, a large reduction in the size of this test matrix is possible through the application of the metal volume fraction (MVF) method. The MVF method assumes that the basic material properties of a specific FML only depend on the laminate family and on the MVF relative to the total thickness of the laminate. This means that once the properties of a specific laminate type are known, the properties can be calculated for any other FML member of that family without testing. 1 Vlot and Gunnink 1 used MVF method to calculate yield strength, tensile strength, compression strength, shear strength, bearing strength, and blunt notch strength of FMLs. In that study, the stress-strain curve prediction using MVF method is also presented. It consisted of an initial part described by Ramberg Osgood formula and a post-yield linear part depended only on the prepreg layer stiffness. Wu et al. 7 used MVF method for material property predictions of Glare 4 grades. Other methods of approaches are used to analysis the stress-strain behavior of FMLs by many investigators. Chen and Sun 8 modeled the elastic-plastic behavior of Arall (Aramid Aluminum Laminate), which is the first member in the family of FMLs, by a macromechanical orthotropic plasticity theory and by classical laminated plate theory (CLT). Here, prepreg plies are assumed to be linearly elastic and the aluminum layers to be orthotropic elastic-plastic. Kawai et al. 9 used CLT based model at which the incomplete ply glass/epoxy laminate fracture is considered for Glare 2(3/2). Sultani et al. 10 presented a finite element modeling approach developed to predict the stress-strain behavior of Glare laminates.
In this study, MVF method is used to derive the insitu stress-strain curve of unidirectional glass/epoxy prepreg from the stress-strain curves of Aluminum and Glare 2. Then, the entire stress-strain curves of Glare 3 and 5 grades with different lay-ups of crossply laminates are predicted by MVF approach and compared with the actual test results. Discussion of the test results necessitated a modification in MVF method for some of the cross-ply Glare grades. The proposed modification is also easy to apply and can also be used for the other families of FMLs.
Material and testing procedure
Seven different Glare grades, tested in this study, are made of continuous glass-fiber reinforced epoxy laminates interleaved with Aluminum alloy 2024-T3 sheets. The specimens are cut from commercially available panels listed in Table 1 . The manufacture procedure and mechanical properties of Glare constituents are open in literature. 1, 6, 11 The building block of glass/epoxy laminate is the prepreg lamina, which is based on unidirectional continuous S2-glass fibers embedded with FM94 adhesive with a nominal fiber volume fraction of 59%. 1 Thickness of each prepreg is 0.125 mm. This prepreg is laid up in different orientations to form the glass/ epoxy laminate in between the aluminum alloy sheets, resulting in the different standard Glare grades. The prepreg orientation in each glass/epoxy laminate listed in Table 1 is designated with respect to the aluminum rolling direction. Zero angle indicates that the fiber axis direction in the prepreg and the aluminum sheet rolling direction coincide. Thickness of each aluminum sheet is t al ¼ 0.3 mm. The adhesion between the FM94 system and pre-treated metal surface and between the FM94 system and glass-fibers is so high that these bond lines often remain intact until cohesive adhesive failure occurs. 1 The Glare m/n configuration notation used in Table 1 represents n number of glass/epoxy laminates interleaved with m number of aluminum layers. Total thickness of Glare, given in the fifth column of Table 1 , is calculated by t ¼ m Á t al þ n Á t p , here t p is the thickness of a glass/epoxy laminate. Each Glare grade used in this study is symmetric with respect to its mid-plane. The glass/epoxy laminate of Glare 2 is unidirectional and those of Glare 3 and Glare 5 grades are cross-ply. The unidirectional reinforced Glare 2 was developed primarily for wing applications, while the biaxial glass product Glare 3 was primarily developed for fuselage applications for aircraft structures. 2 For example, Figure 1 shows Glare 3(3/2) lay-up which consists of three layers of Aluminum alloy 2024-T3 sheets and two glass/epoxy laminates each made of two prepregs in a symmetric lay-up configuration of [ For the tests conducted in his study, L stands for longitudinal, where the rolling direction of Aluminum and the loading direction of the specimen coincide. And, T stands for transverse loading direction that is perpendicular to the rolling direction of Aluminum as shown in Figure 1 . These symbols are appended to the names of the tested materials indicating their testing direction.
In Glare 5 grades in Table 1 , every other grade is structured with the addition of one more glass/epoxy laminate and aluminum sheet. Variety of Glare 5 configurations in Table 1 allows us to study the thickness effect on the material behavior. Glare 2 that has unidirectional reinforced epoxy/glass laminate is the benchmark Glare grade in this study. It is tested to derive the in-situ prepreg material behavior in L-and T-directions using MVF method.
Daniel 13 stated that when boron-epoxy was introduced in the mid-1960s, the first specimen used to determine longitudinal tensile strength was an adaptation of the metallic dog-bone specimen with a curved gage section, which resulted in splitting along the fibers and premature failures. The straight-sided tabbed specimen was then proposed and became standard in the industry. Wu and Wu 14 compared straight-sided and dogbone type specimens of Arall and observed that the tensile yield strength and tensile modulus were not significantly different between the two types of specimens. High shear stresses and axial stress concentrations would tend to degrade the performance of the dogbone type specimen. Their results from both analytical and experimental studies suggested that it was better to use the straight-sided specimens on tension testing for FMLs. Bow-tie specimen is recommended as the best for composite materials with which failure consistently occurs in the gage section, but it has considerable machining required to create a very gradual transition region. 15 In this study, the panels were machined into straightsided specimens of 254 mm long and 25.4 mm or 12.7 mm wide as shown in Figure 2 . Then, Aluminum Oxide grain 80 emery clothes of 76.2 mm length were bonded at both ends of the specimens with Loctite gel epoxy glue to secure the thin Aluminum layers of FMLs from damage induced by the serrated grip surfaces and to help load to be transferred from the grips to the specimens smoothly. The rough surfaces of the emery clothes faced the specimen and cloth surfaces faced the serrated surfaces of the grips. In all, 
25.4mm 50.8 mm of each end were gripped leaving a gauge section of 152.4 mm as shown in Figure 2 . Strain gauges were not used during the experiments. Strain data reported in this study is obtained using the cross-head displacement records and the gauge length. Aluminum tabs of 50.8 mm length were also used to have desirable failures if needed. Monotonic tensile tests for 1.6-mm thick Aluminum alloy 2024-T3 specimens were conducted without any end tab.
MVF method
The MVF value given in equation (1) is defined as the ratio of the sum of the thicknesses of all aluminum layers over the total thickness of the FML.
where MVF represents the relative aluminum contribution in the FML. MVF values for each Glare grade are given in the last column of Table 1 . They were calculated using the original specimen dimensions in inches.
The MVF method was developed to determine the Glare material property that is very similar to the rule of mixtures (ROM) used for composites. 1 Generally speaking, ROM is a microscopic approach in which the fiber and the matrix properties are considered while MVF method is a macroscopic or ply-level approach. Any property of FML is the sum of metal contribution and the prepreg contribution, where the contributions are calculated by multiplying the same property of metal and prepreg, by MVF and 1-MVF, respectively.
Application of this approach is based on the high bonding performance between the glass/epoxy laminate and metal sheets. Therefore, MVF method can be applied on any stress data of the FML components provided that they belong to the same strain data. Figure 3 and Table 2 .
Results and discussion
Tests of aluminum in L-direction resulted in higher yield stress and ultimate strength compared to T-direction as shown in Figure 3 . Dark curves belong to the narrow specimens, and the dashed curves belong to the wide specimens. It is observed that the specimen width influenced test results in terms of ductility. As mentioned in ASTM E8, increasing the width or thickness increased the elongation for rectangular specimens. 16 Aluminum elastic modulus values listed in Table 2 are calculated considering the linear portion of the Aluminum stress-strain curves, which is from the origin to the 0.4% strain. In literature, 73.70 GPa is reported for the elastic modulus of Aluminum 2024-T3. 1 
Average stress-strain curves of Glares
In order to have a general view on the behavior of the material, the average stress-strain curves of Glare grades listed in Table 1 are plotted all together in Figure 4 . All Glare grades exhibit bilinear stressstrain behavior. The transition from the first linear region to the second linear region takes place at the aluminum yielding strain levels approximately about 0.7% as depicted with a dashed line in Figure 4 .
Vlot and Gunnink 1 reported elastic modulus of glass/epoxy prepreg as 53.98 GPa in L-direction and 9.41 GPa in T-direction, provided by the Structural Laminates Company (SLC). Initial elastic modulus of Aluminum 2024-T3 is higher than that of glass/epoxy prepreg. Since MVF represents the metal contribution to the FML, higher MVF yields a higher initial modulus among the same kind of Glare grades, i.e. Glare 5. The parallel dashed curves of Glare 5 grades in Figure 4 have increasing initial elastic modulus values with increasing MVF at the first linear part. This behavior is compatible with MVF method.
The second linear part of the Glare stress-strain behavior is highly dominated by the glass/epoxy composite plies up to ultimate failure. After yielding, the contribution of Aluminum will significantly decrease, so higher MVF would yield a FML with lower modulus of second region. Among the Glare 5 curves in Figure 4 , this is not observed in the second linear region and gives the sign of necessity to modify MVF method considering thickness effect.
In-situ behavior of glass/epoxy prepreg In this study, Glare 2(3/2) is the benchmark material, because it has unidirectional reinforced epoxy/glass laminates, as mentioned before. The panel from Glare 2(3/2) stock is cut into specimens along L-and T-directions. Seven monotonic uniaxial tensile stress-strain tests are plotted for Glare 2(3/2) L and Glare 2(3/2) T as shown in Figure 5 along with those of Aluminum. The strength of Glare 2(3/2) L is more than twice larger than that of Aluminum in L-direction.
In-situ stress-strain behavior of glass/epoxy laminate interleaved in Glare 2(3/2) along L-direction is derived using MVF method by equation (2) as follows. This material will be denoted by prepreg L. Here, the subscripts G2L, alL, and pL for stress data denote Glare 2, Aluminum, and prepreg in L-direction, respectively, provided that all stress data belong to the same strain value. Here, MVF ¼ 0.643 is used in equation (2) , which belongs to Glare 2(3/2) as given in Table 1 .
Using seven test data of Glare 2(3/2) L plotted in Figure 5 , seven in-situ prepreg L curves are derived as shown in Figure 6 . The curve that was closest to the average curve is picked to be used for the subsequent predictions of cross-ply Glare grades in the next section. This curve is marked with an arrow in Figure 6 .
The ultimate stress of these curves ranges from 1.4 to 2.25 GPa with an average of 1.95 GPa. Data from SLC was 1.9 GPa. 1 For comparison, the stress-strain curve presented by Hageenbek 17 for the same plain glass/epoxy composite material that was not interleaved between aluminum sheets is also included in Figure 6 and its ultimate stress is approximately 2.3 GPa. In-situ prepreg L behavior is comparable with the individual ply behavior and a superior strength is not observed.
In-situ stress-strain behavior of glass/epoxy laminates in T-direction, denoted as prepreg T, is derived using MVF method given as follows by equation (3) .
Here, the subscripts G2T, alT, and pT for stress data denotes Glare 2, Aluminum, and prepreg in T-direction, respectively, provided that all stress data belong to the same strain value. The MVF ¼ 0.643 of Glare 2(3/2) is used in equation (3).
Since we had seven replicas of Glare 2(3/2)T tests in Figure 5 , seven prepreg T curves are derived as shown in Figure 7 . The curve that was closest to the average curve was picked to be used for subsequent predictions of Glare grades those have cross-ply glass/epoxy laminates. This curve is marked with an arrow in Figure 7 .
The maximum stress values of these curves range from 60.95 to 88.94 MPa, with an average of 71.91 MPa. The stress-strain curve for the same glass/epoxy composite material is also plotted in Figure 7 , which has a strength value of 34.47 MPa. 17 Same data given by SLC is 57.23 MPa. 1 The strength values obtained from the derived curves are higher than those reported for plain material in literature. Also, after this strength value is attained, the curves obtained from the tests shown in Figure 7 continued with decreasing trend, which can be explained with the in-situ performance of the off-axis prepreg. Because of the constraining effect of the adjacent layers, the strength values of the transverse layers appear to be higher than the values measured by testing unsupported layers, like Daniel and Anastassopoulos 18 call this event as the synergistic effect of the laminate layers in cross-ply composites.
Selvadurai
19 used continuum damage mechanics to model the continuous unidirectional E-glass/epoxy composites under transverse loading when the fibermatrix interface exhibits strong adhesive toughness characteristics. His results of the numerical investigations exhibited a stress-strain behavior characterized by a linear region, deviations from linear phenomena and softening with progress of axial straining, which is similar to prepreg T derived in this study.
Prediction of cross-ply Glare grades
MVF method is applied by equation (4) to predict the stress-strain curves of the Glare grades, which have cross-ply glass/epoxy laminates as follows:
Here, the subscripts fml, alL, pL, and pT belong to the stress data of FML, Aluminum, prepreg L, and prepreg T, respectively, provided that the stress data used in equation (4) are recorded at the same strain value at a time. Since all cross-ply glass/epoxy laminate lay-ups of the Glare 5 grades in Table 1 plotted in Figures 8 to 13 with dashed bold lines. As seen in these figures, MVF method underestimated the average test curves of Glare 3(3/2) in Figure 8 and Glare 5(2/1) in Figure 9 . It is in good agreement with average test curve of Glare 5(3/2) in Figure 10 . On the other hand, the average test curves of Glare 5(4/3) in Figure 11 , Glare 5(5/4) in Figure 12 and Glare 5(6/5) in Figure 13 are overestimated with MVF method.
We also want to mention that contribution of prepreg T is very small compared to prepreg L. Neglecting this off-axis ply contribution, the predicted curves are slightly lower and they remain within the range of the curves obtained from the tests. If that was done, it would be called ply discount theory present in the literature. [20] [21] [22] [23] Knowing that the metal thickness variation does not disturb MVF method, in order to explain the deviation from MVF method, we need to recall thickness effect on fiber reinforced laminates in literature. Failure mechanisms and damage evolution in laminated composites have been studied experimentally and analytically by many researchers. [20] [21] [22] [23] [24] [25] [26] Sun and Jen 21 conducted a series of tests on unidirectional carbon-epoxy specimens and their results indicated significant scatter in the ultimate strength and a marked reduction in strength as the number of plies increased. Groves et al. 22 studied graphite/epoxy cross-ply laminates with different stacking sequences and thicknesses and reported that the laminate with the higher consecutive number of 90 plies shows greater stiffness loss. This is due to the fact that the laminate with the higher consecutive number of 90 plies has more crack surface area for a given damage level (i.e. crack density) resulting in a larger crack opening displacement. And they offered larger internal damage state variables in their constitutive model for increasing values of consecutive 90
plies. Under the knowledge of aforementioned evidences experienced from literature, we believe that the reason for the under/over estimations of MVF method lies in the thickness variances in the epoxy/glass laminates of the predicted Glares relative to that of benchmark Glare 2(3/2), which was used to derive the basic prediction data. In this respect, total prepreg thicknesses, the stacking sequences of Glares and MVF estimation results are tabulated in Table 3 in order to ascertain the discrepancy between the test results and MVF method.
The total thickness of two glass/epoxy laminates interleaved in Glare 2(3/2) is 0.5 mm. So, the derived in-situ stress-strain curve in the L-direction belongs to the prepreg L of 0.5 mm in thickness. By the same token, the derived curve in the T-direction belongs to the prepreg-T of 0.5 mm in thickness. As shown with bold values in Table 3 , we see that the glass/epoxy laminates of Glare 5(3/2) is the only one which contains 0.5 mm of prepreg L and 0.5 mm of prepreg T. Accordingly, it is reasonable to have a good fit with MVF approach for this Glare grade. Thus, MVF approach is modified considering the prepreg thickness of cross-ply Glares with respect to the total prepreg thickness of Glare 2. In other words, the under/over estimation of MVF method induced with the instinct behavior of the longitudinal and off-axis prepreg due to relative thickness decrease/increase is adjusted by modifying the MVF method. On the application of the modified MVF method for these Glare grades, the modification is applied only to the cross-ply laminate with two parameters N and q as shown in equation (5) .
Not special for Glares but generally speaking for FMLs, fml is the stress test data of any cross-ply FML, which has symmetric stacking sequence. All stress data used in this formula belong to the same strain value at a time. In equation (5), the empirical parameter q for all Glare grades is found to be 0.2 with which the modified MVF method curves best fitted to the average curves of the actual tests of cross-ply Glares. And the second parameter N is defined as follows:
Here, p is the total prepreg thickness of the benchmark FML, which was used to derive the in-situ prepreg behavior. In this study, p ¼ n Á t p ¼ 2 Â 0.25 ¼ 0.5 mm is the total prepreg thickness of unidirectional fiber reinforced prepreg of Glare2(3/2). And p fml ¼ n Á t p is the total prepreg thickness of any other cross-ply FML, which has symmetric stacking sequence. For cross-ply Glares grades, t p ¼ t pL þ t pT , here t pL is the thickness of the laminate portion where fibers are aligned in L-direction and t pT is the thickness of the laminate portion where fibers are aligned in T-direction (see Table 3 ). The two multiplier takes place in equation (6) because prepreg data of Glare 2(3/2) is used twice in both L-and T-directions in symmetric cross-ply Glares. For example, the total prepreg thickness of Glare 5(4/3) is p fml ¼ n Á t p ¼ 1.52 mm at which n Á t pL ¼ 0.76 mm half is oriented in L-direction and n Á t pT ¼ 0.76 mm half is oriented in T-direction. Thus, N ¼ 2 Â 0.5/1.52 ¼ 0.67 for Glare 5(4/3). Values of N are tabulated in Table 3 . For Glare 5(3/2), N ¼ 1.
The curves predicted by modified MVF method using equation (5) 
Elastic modulus of Glare grades
As mentioned before, strain gages are not used in this study. Initial elastic modulus values for the Glares in Table 4 are calculated considering the linear portion of the stress-strain curves, which is from the origin to the 0.3% strain value. Data reported in literature is higher than data reported in this study. For example, Kawai et al. 9 used strain gauges and reported elastic modulus of Glare 2(3/2) as 63.4 GPa in L-direction and 46.4 GPa in T-direction. Elastic modulus values, those calculated from the tests, those provided from SLC, 1 those calculated with MVF method and with modified MVF method are all tabulated in Table 4 . These data are also depicted in Figure 14 . It is observed that the MVF method works good within the same thickness of glass/epoxy composite lay ups, but modified values are closer for the Glares with relatively thicker or thinner glass/epoxy laminates.
Conclusions
In this study, including the benchmark FMLs stressstrain testing, MVF method is extended to expose the prepreg behavior in the FML. The in-situ stress-strain curves of the longitudinal and transverse prepreg plies are derived, which showed the synergistic effect of the constituents in FML. Because of the constraining effect of the adjacent layers, the in-situ stress-strain curves perform different than by testing unsupported plain plies.
Comparing with the actual tensile testing results, MVF method works very well for the FMLs those have the same order of total prepreg thickness with respect to the benchmark FML. But, MVF method under/over estimates the FMLs those have lower/ higher prepreg thickness aligned in longitudinal and transverse directions compared to the benchmark FML.
Two new parameters are introduced in order to modify MVF method. The empirical parameter q for Glares is found to be 0.2 with which the modified MVF method curves best fitted to the test results. Second parameter N is presented in terms of the aforementioned thickness ratio for each FML grade. The proposed modification is easy to apply and can also be used for the other families of FMLs.
Modified MVF method presented in this study can be used as a preliminary estimation of stress-strain curves of multiple possible FML configurations without testing. Testing only metal and the benchmark FML will be enough to predict other lay-ups of FMLs. This will allow the designers to save time consumed for testing and they will know which FML layup will satisfy their needs. 
